A rapid procedure for the production and identification of recombinant baculoviruses is described that uses the autofluorescent properties of the Aquorea victoria green fluorescent protein (GFP) 
INTRODUCTION
Green fluorescent protein (GFP) is a non-catalytic, autofluorescent protein found in the jelly fish Aquorea victoria (10) . The cDNA has been successfully expressed in a wide variety of organisms including E. coli , Caenorhabditis elegansand Drosophila melanogaster (1, 2, 12) . The GFP, comprised of 238 amino acids (27 kDa) (10) , absorbs blue light maximally at 395 nm with a minor peak at 470 nm and emits green light at a peak of 509 nm with a shoulder at 540 nm (13) . Fluorescence is not dependent on exogenous substrates or cofactors; the protein does not appear to exert any toxic effect in prokaryotic or eukaryotic cells (1) , and the fluorescence is stable and species-independent (Cambridge Bioscience Solutions, Spring 1995 [Cambridge, England, UK]). A previous report (11) has shown that when the GFP cDNA is expressed in insect cells, it retains a fluorescence emission spectrum that is virtually identical to that of the native GFP. The protein, therefore, possesses some unique properties that make it an ideal candidate as a reporter molecule for the rapid selection of recombinant baculoviruses. Figure 1 . (A) Construction of pAcAL3.GFP. pGFP was digested with Eco RI and BamHI and, following purification, the 700-bp fragment encoding gfpwas inserted into Eco RI-, BamHI-digested pAcAL3 (5) to produce pAcAL3.GFP. (B) Construction of pBacGFP1 and production of the virus BacGFP1. pAcAL3.GFP was digested with Eco RV and Sna BI, and following purification, the gfp -containing fragment was inserted into Eco RV-, Sna BI-digested and dephosphorylated pBacPAK6 (8) to produce pBacGFP1. The recombinant virus BacGFP1 was produced by the co-transfection of insect cells with Bsu 36I-digested BacPAK6 DNA (8) and pBacGFP1. Homologous recombination in ORFs 603 and 1629 produced the recombinant virus BacGFP1, which was isolated by selection of green fluorescent plaques.
The baculovirus expression vector system is now commonly used for the high-level synthesis of recombinant proteins (4, 9) . This expression system is based upon the hyper-expressed polyhedrin gene ( polh ),which is activated very late in the virus replication cycle and is nonessential for virus propagation (6, 9) . Replacement of the polyhedrin gene-coding region with that of a foreign gene results in the formation of a recombinant virus, with the foreign gene under control of the polhpromoter. Initially, recombinant viruses were identified in a laborious manner by screening for virus plaques with a polyhedrin-negative phenotype (reviewed in Reference 5) . Since then, a number of different methods have been developed to improve the efficiency of producing and selecting recombinant viruses (6) . Of these, probably the most widely quoted is the use of a modified Autographa californicanucleopolyhedrovirus (AcNPV) in which the polh coding region has been replaced by the E. coli lacZgene. Thus, upon addition of the chromogenic substrate 5-bromo-4-chloro-3-indolyl-β -D -galactoside (Xgal), the parental virus gives rise to a blue plaque phenotype and the recombinant virus, a colorless plaque phenotype. The fortuitous discovery that lacZ contains a unique restriction endonuclease site ( Bsu 36I) that is not present in the AcNPV genome allowed Kitts et al. (7) to describe a method for the enhanced recovery of recombinant viruses by linearization of the parental virus DNA prior to homologous recombination with the transfer plasmid. By the introduction of two additional Bsu 36I sites into genes flanking the polhlocus, Kitts and Possee (8) demonstrated that recovery of recombinant virus could be enhanced to almost 100%. However, detection of recombinant viruses requires X-gal and Neutral Red staining of plaques, which can be quite timeconsuming.
In this report we describe the production of recombinant AcNPV in which the GFP cDNA ( gfp ) replaces either polhin the wild-type virus (Ac -NPV.GFP) or lacZin BacPAK6, retaining the two Bsu 36I sites in the genes flanking the polh locus (BacGFP1). We also demonstrate how the GFP can be used as an efficient and simple selectable marker for the identification of other recombinant baculoviruses, without the use of exogenous substrates or biological stains.
MATERIALS AND METHODS

Viruses and Cells
AcNPV, BacPAK6 (8) and their derivatives AcNPV.GFP and BacGFP1 were propagated at 28°C either in
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Spodoptera frugiperdaSf21 cells using TC100 medium (Life Technologies, Glasgow, Scotland) supplemented with 5% fetal calf serum (FCS) or in Sf9 cells using Sf900II serum-free medium (Life Technologies). Procedures for the amplification of virus stocks, virus plaque assays and the purification of virus DNA were as previously described (5, 8) .
Antisera and Antibody Conjugate Substrates
Anti-rGFP antiserum was obtained from CLONTECH Laboratories (Palo Alto, CA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody and FAST ™3,3 ′ -diaminobenzidine (DAB) peroxidase substrate were obtained from Sigma Chemical (St. Louis, MO, USA).
Construction of Viruses Synthesizing GFP
The gfpcoding sequence (without signal peptide) was excised from the pGFP cDNA vector (CLONTECH) by using BamHI and Eco RI and was inserted into the baculovirus transfer vector pAcAL3 (5) to form pAcAL3.GFP ( Figure 1A ). pAcAL3.GFP was then digested with Eco RV and Sna BI, and the resultant fragment was purified and inserted into Eco RV-and Sna BI-digested and dephosphorylated pBacPAK6 to produce pBacGFP1 ( Figure 1B ). Plasmid pBacGFP1 contains the gfpcoding sequence under control of the polhpromoter and is flanked by open reading frames (ORF) 603 and 1629 into which two Bsu 36I sites had previously been introduced (8) . The recombinant viruses AcNPV.GFP and BacGFP1 were prepared by the co-transfection of Sf21 cells with linearized BacPAK6 DNA (8) and pAcAL3.GFP or pBacGFP1, respectively, using a standard protocol described previously (4). This was followed by one round of plaque purification and amplification to a high-titer stock in Sf9 cells, as previously described (5,6) except for the staining of virus plaques. Recombinant viruses were identified by screening virus plaques for the presence of green autofluoresence under a longwave (365 nm) UV light source (UltraViolet Products Ltd., Cambridge, England, UK) The presence of gfpin the recombinant virus genomes was confirmed by dot-blot hybridization (5), and synthesis of GFP was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using an anti-rGFP antiserum.
SDS-PAGE and Western Blotting
Sf21 cells (10 6 ) were infected with virus at a multiplicity of infection (MOI) of 10 plaque-forming units (pfu) per cell; at 48 or 72 h postinfection (p.i.), cell lysates were prepared and examined by electrophoresis through 12% SDS-polyacrylamide gels, followed by Coomassie ® blue staining. Alternatively, after electrophoretic separation, the proteins were transferred to nylon membranes, and GFP was identified by probing with a rabbit anti-rGFP antibody (1:1000 dilution), followed by an HRP-conjugated goat anti-rabbit secondary antibody (1:10 000 dilution). GFP was visualized by the addition of DAB substrate according to the manufacturer's instructions (Sigma Chemical).
Fluorescence Microscopy
Glass coverslips were seeded with 10 6 Sf21 cells/mL and, following virus infection (MOI = 10), were incubated at 28°C. At 48 h p.i., the cells were washed in phosphate-buffered saline (PBS), fixed in 3% paraformaldehyde (20 min), washed in PBS and air -dried. The coverslips were then mounted onto glass slides and examined for fluorescence using an Axioplan ™Epifluores -cence Microscope (Carl Zeiss, London, England, UK) and Barrier filters exciting at 495 nm with emission at 510 nm.
RESULTS AND DISCUSSION
Synthesis of Green Fluorescent Protein in Insect Cells
Reports that GFP can be synthesized in a variety of prokaryotic and eukaryotic host cells without any deleterious effects, together with its autofluorescent properties, indicated that this protein may be useful for the identification of recombinant baculoviruses. Initial experiments were designed to confirm that GFP retains its autofluorescent properties when synthesized in Sf21 or Sf9 cells and that recombinant virus plaques can be identified simply by exposure to longwave UV light. The gfp cDNA was introduced into AcNPV under control of the polhpromoter (Figure 1A) using the linearized BacPAK6 DNA method (8) . Recombinant viruses (AcNPV.GFP) were identified by one round of plaque purification, followed by amplification to a high-titer stock. SDS-PAGE identified a novel, Coomassie blue-stainable, 30-kDa protein present in AcNPV.GFP-infected cells that was not present in wildtype virus-infected cells or noninfected cells (Figure 2A ). This protein was confirmed as GFP by immunoblotting ( Figure 2B ). The autofluorescent nature of GFP in virus-infected Sf21 cells was analyzed by fluorescence microscopy (Figure 3) . Control, wild-type AcNPV-infected Sf21 cells (Panel A) produced a very low-level autofluorescence when observed under UV (495 nm) light. In cells infected with AcNPV.GFP, there was a dramatic increase in the intensity of the fluorescence that appeared to accumulate in regions of the cytoplasm associated with the nuclear membrane (Panel B).
Having demonstrated that autofluorescent GFP is synthesized in Sf21 cells infected with AcNPV.GFP, we investigated whether recombinant viruses could be identified in a plaque assay as green fluorescent plaques. Dilutions of AcNPV.GFP, and BacPAK6 as a control, were used to inoculate Sf21 cells. Following addition of a standard agarose overlay (5) To ensure that longwave UV light had no adverse effects on virus replication, a plaque assay of AcNPV.GFP in Sf21 cells was performed, after incubation for 48 h, in which the dishes were exposed to UV light (365 nm) for periods of between 30 s and 3 min. Three min was considered the longest time that plaques might possibly need to be exposed to UV light for the purposes of identification and picking. A number of plaques ( n = 10) were picked, and the virus was examined for its ability to produce plaques in a second plaque assay. No significant differences were observed between the number of plaques obtained from viruses exposed to UV light for the maximum exposure period and control virus that was picked from plaques not exposed to UV light. From these data, we concluded that exposure of virus plaques to longwave UV light, for the purpose of plaque picking, would not compromise virus infection.
Use of the GFP as a Marker for the Selection of Recombinant Baculoviruses
To retain the benefits of the linearized BacPAK6 DNA method for the rapid production and selection of recombinant baculoviruses (8) , as well as to use the beneficial properties of GFP, a second recombinant virus was prepared in which the lacZgene of pBac -PAK6 (8) was replaced by that of gfp ( Figure 1B) . Two of the three Bsu 36I sites (within ORFs 603 and 1629, are required for subsequent linearization of virus DNA) were retained in the construction of the pBacGFP1 transfer plasmid. The recombinant virus BacGFP1 was produced by co-transfection of Sf21 cells with pBacGFP1 and linearized BacPAK6 DNA; it was identified by green fluorescence during plaque purification. The presence of the gfpcDNA was confirmed by dot-blot hybridization, and GFP synthesis was confirmed by SDS-PAGE and immunoblotting (data not shown). The BacGFP1 virus was then amplified to high titer (3 × 10 8 pfu/mL) in Sf9 cells maintained in Sf900II serum-free medium, and virus DNA was isolated from purified virus particles as described previously (5) . When digested with Bsu 36I, BacGFP1 DNA gave the predicted DNA profile of the major virus DNA fragment and a smaller fragment of 2 kbp corresponding to the partial 603 and 1629 ORFs and gfp ( Figure 4, lane 2) . In comparison, Bsu 36I digestion of BacPAK6 DNA gave the predicted profile of three DNA fragments ( Figure 4, lane 4) . Control and non-digested DNAs are shown in lanes 1 and 3, respectively.
The efficiency with which recombinant viruses can be identified using BacGFP1 (two Bsu 36I sites) as the parental virus was compared with using BacPAK6 [three Bsu 36I sites (8)] and AcNPV. lacZ[one Bsu 36I site within the lacZgene (7)]. Each of the virus DNAs was purified and digested to completion with Bsu 36I as described (8) . A typical transfer plasmid, pAcUK131 (3), containing a urokinase cDNA under control of the polhpromoter (1000 ng) and 200 ng each of the virus DNAs were used to co-transfect Sf21 cells using a standard procedure (5). Co-transfections for each virus DNA were performed in triplicate. At 48 h posttransfection, the culture medium was harvested and titrated by plaque assay. Non-parental or recombinant plaques (colorless phenotype) were identified by staining with Neutral Red and X-gal (for AcNPV. lacZand BacPAK6) or after illumination with UV light (BacGFP1). The results, shown in Table 1 , indicate that the frequency of obtaining non-parental virus plaques using BacPAK6 (100%) and AcNPV. lacZ(62.7% ± 2.4) was similar to that published previously (7, 8) . The results with the BacGFP1 DNA demonstrated that 84.4% ( ± 6.1) of the total plaques screened were of the non-parental or recombinant phenotype. The frequency of obtaining nonparental plaques using BacGFP1 was higher than that reported by Kitts and Possee (8) for BacPAK5 DNA (50%-60%). BacPAK5 DNA also has two Bsu 36I sites at ORFs 603 and 1629, but retains the polyhedrin gene, so that recombinant plaques are identified by their polyhedrin-negative phenotype. It is possible that our data simply reflect the ease of distinguishing between parental green fluorescent and non -parental plaque phenotypes. Although the frequency of obtaining nonparental plaques with BacGFP1 DNA is slightly lower than when using Bac -PAK6 DNA, there are benefits to using the GFP as a rapid reporter system, and at least a day is saved when compared to the time taken for Neutral Red and X-gal staining of plaques when using lacZ (5) . In the future, it might be possible to modify the gfp cDNA in BacGFP1 to contain a third Bsu 36I site so that the frequency of generating non -parental plaques approaches the 100% level achieved with BacPAK6. Our data also suggest that it may be useful to insert the gfpcDNA at the p10 locus of BacPAK6, providing a selectable marker system for introducing foreign genes into both the polyhedrin and p10 loci of the baculovirus genome. a Virus DNA was purified as described previously (5) and digested with Bsu 36I as described by Kitts and Possee (8) . 200 ng linearized virus DNA were used in each transfection. b This transfer vector has been described previously (3) . 1000 ng plasmid DNA were used in each transfection. c The parental plaque phenotype for AcNPV. lacZand BacPAK6 is blue in the presence of X-gal, and for BacGFP1 it is green fluorescent after longwave UV-light illumination. d The non-parental plaque phenotype for AcNPV. lacZand BacPAK6 is white in the presence of X-gal, and for BacGFP1 it is nonfluorescent after longwave UV illumination. 
